We present an ab initio study of the lattice dynamics of the Pb(111) surface. The calculations were carried out within the density-functional theory using a linear response approach in the mixed-basis pseudopotential representation. We observe a rich spectrum of surface localized modes, and make a detailed assignment to measured modes in a recent helium-atom scattering experiment. We find that the inclusion of spin-orbit coupling considerably softens the phonon spectrum of the surface, thereby improving the agreement with experiment significantly.
Introduction
A lot of experimental and theoretical information is now available for well-ordered thin lead films formed on semiconductor or metal surfaces. The vibrational properties of films of different thickness have been studied both experimentally [1] [2] [3] [4] and theoretically [5] [6] [7] [8] . The latter used scalar relativistic ab initio methods to calculate either zonecenter modes of thin films [5] or vibrational properties of ultrathin films [6] [7] [8] . Recently it was shown that relativistic corrections, i.e. inclusion of spin-orbit coupling (SOC), has a profound impact on lattice vibrations of bulk Pb [9] [10] [11] , suggesting that SOC is also important for a proper quantitative description of vibrational properties of thin Pb films.
In contrast to Pb films, no first-principles investigation of the phonon spectra of lead surfaces has been performed. The necessity of taking into account SOC makes such calculations rather challenging. Experimental information available for Pb surfaces concerns, for the most part, the surface free energy [12] and the equilibrium geometry [13] [14] [15] [16] [17] [18] . The motivation to study theoretically the Pb(111) surface vibrations comes from a recent high-resolution helium-atom scattering (HAS) experiment [4] , where the structure and phonon dynamics of a thick, bulk-like Pb(111) film grown on a Cu(111) substrate was measured.
Here we present an analysis of the lattice dynamics of the Pb(111) surface using density-functional perturbation theory (DFPT) [19, 20] , an efficient approach for the study of surface localized vibrations [21] . The spectrum of surface localized phonons is compared in detail with the HAS data [4] for a 50-layer Pb(111) film, which was shown experimentally to be a good representative for the semi-infinite surface. In addition, we assess the importance of spin-orbit coupling for the lattice dynamics of the Pb(111) surface.
Theory
The calculations are performed within density-functional theory and the local density approximation for the exchangecorrelation energy functional [22] . To calculate phonon frequencies and polarization vectors the linear response technique [19, 20, 23] in combination with the mixed-basis pseudopotential method [24] [25] [26] is used. We performed both scalar relativistic calculations (without SOC) and calculations including SOC self-consistently. The interaction of valence and core electrons is described by norm-conserving scalar or fully relativistic pseudopotentials [27] , respectively. As in the case of bulk Pb [11] , we use pseudopotentials with 5d semicore states included. To accelerate the convergence a combination of local functions and plane waves is used for Further details of the spin-orbit coupling implementation within the mixed-basis pseudopotential method can be found in a previous paper [11] . The surface is represented by a periodic slab geometry consisting of ten hexagonal Pb(111) layers separated by a vacuum corresponding to seven atomic layers. These thicknesses are sufficiently large to suppress quantum size effects [29] . Lateral atomic positions within a hexagonal Pb(111) layer are fixed by the theoretical bulk lattice parameter, while the vertical positions are relaxed until the force becomes smaller than 1 mRyd au −1 . The bulk lattice constants used in the calculation, a = 9.20 au (without SOC) and a = 9.22 au (with SOC), were obtained by totalenergy minimization [11] . We note that the lattice parameter is evidently hardly affected by SOC which only leads to an increase of less than 1%. Surface Brillouin zone (SBZ) integrations are performed using a hexagonal 24 × 24 k-point grid corresponding to 61 points in the irreducible part of the SBZ and a Gaussian energy smearing scheme with a width of 0.2 eV [28] .
Calculational results
Results for the relaxation of a ten-layer Pb(111) slab calculated both with and without SOC are shown in table 1 together with available experimental data [18] and the results of another firstprinciples calculation [29] . The damped oscillatory relaxation is typical for a metal surface. It consists of a contraction of the outermost interlayer spacing and an expansion of the second one relative to the bulk. The calculated values of interlayer distances are consistent with the LEED analysis for the semiinfinite Pb(111) surface [18] and are also in agreement with an ab initio pseudopotential scalar relativistic calculation [29] for a 12-layer Pb(111) film.
We note that the contraction of the outermost interlayer distance, both calculated and experimentally determined, is rather large. This contrasts with close-packed (111) surfaces of other fcc metals, which are usually characterized by a small inward relaxation of the surface layer (−0.6 to −1.0%) or by a slight outward movement of the top layer atoms (0.1-0.7%) [21] . A marked inward relaxation of the outermost Figure 1 . Phonon dispersion curves for a 60-layer Pb(111) slab calculated with inclusion of spin-orbit coupling. The phonon spectrum contains surface modes related to both relaxed (black dots and bars) and ideal bulk-truncated surfaces (gray dots, the lowest phonon mode). Bars indicate surface phonons with a SH polarization. Surface modes are identified by a displacement weight larger than 25% in the top two layers. White circles show phonon modes measured for a 50-layer Pb(111) slab by HAS [4] . Mode labels are taken from [4] .
layer was obtained only for the (111) surfaces of Rh and Ir [21] with −1.8% and −2.1%, respectively. The large inward relaxation for Pb(111) is, however, consistent with data obtained for other Pb low-index surfaces [13] [14] [15] [16] [17] [18] whose relaxation is also unusually large and deep as compared to those found for other fcc metals [18] . Such a strong contraction of the outermost interlayer spacing of Pb(111) indicates a stiffening of the coupling between the first and second layer and affects noticeably the phonon spectrum of the surface.
For the relaxed ten-layer Pb(111) slab, surface force constants have been calculated from a (12×12) hexagonal grid of wavevectors q corresponding to 19 points in the irreducible part of the SBZ. To obtain a more reliable description of modes penetrating deeper into the bulk, the slab thickness has been increased up to 60 layers by adding bulk-like layers with ab initio bulk force constants obtained from a similar calculation using a (12 × 12 × 12) q point mesh. The resulting phonon dispersion curves calculated with the inclusion of SOC are shown in figure 1. Since the slab used in the calculation was asymmetric with one relaxed surface and the other corresponding to the ideal bulk-truncated case, the phonon spectrum contains surface modes related to both types of surfaces. Surface localized phonon modes for the relaxed surface are indicated by black dots and bars. The bars have been chosen to single out the surface phonons with a shear-horizontal (SH) polarization in the¯ M direction. Such modes are usually not detectable in a HAS experiment using a standard scattering geometry. In the¯ K direction there are no modes with an exact SH polarization because the sagittal plane has no mirror symmetry and SH modes are degenerate with longitudinally (L) polarized phonons. We also show surface phonon modes (white circles) measured for a 50-layer Pb(111) slab on Cu(111) by HAS [4] . The surface mode frequencies [4] . In the experiment [4] , the lowest measured mode in thē M direction, labeled by α 1 , was identified as the Rayleigh wave (RW). This mode with predominantly shear-vertical (SV) displacements of surface atoms (along the normal to the surface) was found in the calculation at the lower edge of the bulk modes up to about halfway toM. Its energy agrees fairly well with the experiment. At ∼1/2¯ M it crosses with an SH mode (indicated by bars in the figure) which becomes the lowest mode in the¯ M direction. Then at the SBZ boundary (theMK direction) the SH mode acquires a longitudinal character and splits off the bulk-like phonons. After the crossing the RW mode enters the bulk continuum and loses rapidly its surface character. We are not able to assign the rest of α 1 peaks in inelastic energy-transfer spectra [4] as well as the σ 1 , σ 2 , and β 1 modes observed experimentally in thē M direction. In the calculation, no surface modes are found in the vicinity of the experimental HAS data. A coincidence of the σ 1 points with the calculated surface localized vibrations is accidental. The surface mode is an SH one and cannot be detected by HAS measurements.
Two more modes in the¯ M direction can be identified: ρ 1 and 2 . The ρ 1 mode both measured and calculated lies within longitudinally polarized bulk bands. The calculated mode is mainly localized in the subsurface layer. The longitudinal branch has its continuation along the¯ K direction, γ 1 . The other mode which becomes degenerate at¯ with ρ 1 is a shearhorizontal one.
The surface localized mode found above the bulk maximum phonon frequency coincides with the measured 2 mode. This mode is characterized by vertical displacements of atoms (SV) in the two outer surface layers except for short wavelengths where the subsurface atoms acquire a longitudinal polarization with atomic displacements perpendicular to the motion of surface atoms. The appearance of such a mode split off above the bulk-like phonon spectrum is the consequence of a stiffening of the interlayer force constant between the surface and subsurface layer of Pb(111) due to the large reduction of the outermost interlayer spacing. This feature is untypical for (111) surfaces of fcc metals except for Ir and Rh where an appreciable inward relaxation of the top layer atoms is observed, too. For Pb(111), the possibility of such surface phonons at frequencies above the maximum bulk value was suggested from a previous first-principles calculation of the vibrational zone-center modes of thin films [5] .
In the¯ K direction two modes polarized in the sagittal plane (a quasi-SV polarization) were obtained. One of them passes along the lower edge of the bulk-like phonons. The other lies inside the bulk bands and is a continuation of the SV-polarized mode which peels off from the lower edge of the gap around theK point. In figure 1 only well surface localized parts of the modes are shown. The splitting of the surface phonon branch is also observed in the experiment [4] where two modes α 1 and α 2 were found. On the (111) surface of other fcc metals the RW mode lies below the bulk phonon bands except for the long wavelengths. The shifting of the sagittally polarized modes to higher frequencies on the Pb(111) surface is not unexpected. As in the case of the 2 mode, the reason is a stiffening of the interaction between the top and subsurface layer atoms which determines the character of the mode on approaching the short wavelength limit.
The β 1 mode in the¯ K direction like the other mode, δ 1 , which is a continuation of the surface mode peeling off from the bulk longitudinal band into the upper gap at the SBZ boundary, is a resonance with a mixture of longitudinal and SH atomic displacements that are inherent for the direction. The surface modes located in the gaps of the bulk vibrational spectrum are predominantly associated with in-plane motion of surface atoms accompanied by SV displacements of the subsurface atoms.
A comparison with the experimental data [4] shows that the calculation reproduces quite well the surface mode frequencies except for those along¯ M which we are not able to assign. The phenomenon of additional modes, referred to as longitudinal resonances, is well known for other fcc metal surfaces, and has been discussed since its first discovery for the Ag(111) surface [30] . The measured peaks may be caused by strong surface charge-density oscillations, which may be activated by modes not much localized at the surface, as was shown for Cu(111) [31] . Indeed, along¯ M in the same energy intervals the calculation predicts many bulk-like modes with a very weak localization at the surface which are strongly polarized along the surface normal.
As in the case of bulk Pb [10, 11] , the lattice dynamics of the Pb(111) surface is much more affected by the inclusion of SOC than its structural properties. Indeed, SOC leads to a softening of practically the whole phonon spectrum. The difference in phonon energies amounts to 6-10% for SBZ boundary modes and even up to 15% for longitudinally polarized vibrations at long wavelengths. The inclusion of SOC also modifies markedly the frequencies of the highest optical mode which softens by about 0.8 meV. As can be inferred from table 2 and figure 1, the SOC-induced changes significantly improve agreement with experimental data.
Conclusion
In summary, we have presented the results of an ab initio study of the lattice dynamics of Pb(111). We found a rich spectrum of surface localized modes, and could assign most of the modes seen in a recent HAS experiment [4] . A noticeable exception are HAS peaks in the¯ M direction near 4 meV, which resemble the longitudinal resonance phenomenon observed on other fcc(111) metal surfaces. The inclusion of SOC is crucial for a proper quantitative description of the surface modes. It results in a general softening of the whole spectrum, thereby significantly improving the agreement with the measured surface phonon dispersion.
